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Abstract:

Atomically thin transition metal dichalcogenides (TMDs) are two dimensional semiconductors
with tightly bound excitons and correspondingly strong light matter interactions. Due to weak van
der Waals bonding between layers, TMDs can be isolated and stacked together to form synthetic
heterostructures with emergent electronic and excitonic properties. In this review, we focus on the
emergent exciton physics in moiré superlattices and in TMD heterostructures coupled to optical
cavities, where exciton behavior can be dramatically modified by the environment. In moiré
superlattices, a small twist angle or lattice mismatch between layers introduces a periodic variation
in the interlayer alignment that leads to exciton localization, modified optical selection rules, and
strong correlations. In cavity-heterostructure systems, light-matter interaction is enhanced, and
exciton states can couple to the cavity to form exciton-polaritons whose properties depend on the
specific TMD layers involved and their alignment. Here, we discuss recent theoretical and
experimental progress towards realizing exotic exciton states in TMD heterostructures and

comment on future scientific and technological directions.



Main Text
Introduction:

Atomically thin transition metal dichalcogenides (TMDs) are a diverse family of materials
with rich electronic and optical properties. In their bulk form, TMDs are layered materials with
weak interlayer van der Waals interactions. Consequently, TMDs can be mechanically and
chemically isolated into few-layer and single-layer (monolayer) crystals. Many monolayer TMDs
— including the intensely-studied set of MoS;, MoSez, WS>, and WSe;, — are semiconductors with
direct bandgaps at visible and near-infrared energies. In these materials, electrons and holes form
tightly-bound excitons due to their attractive Coulomb interaction and the reduced screening in the
two dimensional (2D) environment. The excitons dominate the optical properties of monolayer
TMDs, absorbing a large fraction of incident light at the exciton resonance and inspiring interest
in optoelectronic device applications.

Stacks of TMDs, along with other 2D materials such as few-layer graphite (fIG) and
hexagonal boron nitride (hBN), provide a platform for highly tunable, synthetic quantum
materials. Unlike three dimensional heterostructures that are limited by epitaxial growth, 2D
heterostructures have enormous flexibility: since the layers are held together with weak van der
Waals bonds, the constituent layers can have arbitrary lattice mismatch and relative twist angle.
Polymer-based transfer techniques are used to carefully control the stacking process®*, providing
a method for creating physical systems with precise geometries and diverse emergent properties.
2D heterostructures can be further controlled via electrostatic gating, in which metallic gates (fIG
or choice bulk metals) and dielectrics (typically hBN or SiOz) can be integrated to tune the electric
field and carrier concentration of the heterostructure in situ. Here we define heterostructure broadly

to include both stacks of the same materials and stacks containing different materials.



TMD heterostructures have become a fruitful material platform for realizing emergent
excitonic states, including states in which correlations and topology play a major role. In addition
to exciton states localized in each TMD monolayer, the heterostructure may also support new
emergent exciton states. Interlayer excitons, in which electrons and holes reside in different
layers®®, are an important example. Interlayer excitons can be the lowest energy excitons in a
heterostructure, due to band alignment or an applied electric field, and therefore are prominent in
emission measurements. In this review, we focus on two methods for manipulating exciton states
in 2D heterostructures that have particularly dramatic and fascinating effects: the introduction of
a moire superlattice and formation of an optical cavity.

A moire superlattice offers a powerful method to engineer excitonic states in TMDs. A
twist angle or lattice mismatch between two monolayers introduces a periodic variation in the
interlayer alignment across the heterostructure. This variation produces a periodic potential energy
landscape for electrons and holes, and therefore also excitons. When the moiré potential is large,
the moiré superlattice dramatically affects both intralayer and interlayer excitons, resulting in
exciton localization’"'°, modified optical selection rules”'*'2 and even emergent interactions with
correlated electronic states'®*°,

Optical cavities provide another interesting way to control excitonic behavior through
enhanced light-matter interaction. In the strong coupling limit, excitonic modes couple to optical
cavity modes and form exciton-polariton states. Here, excitons in cavities retain certain properties
of the excitons, such as their valley selection rules and coherence, but also show fascinating
emergent properties'®18,

In this review, we begin with an introduction to excitons in monolayer TMDs. We then

discuss theoretical proposals for and experimental demonstrations of emergent exciton behavior



in moiré superlattices and in optical cavities. Finally, we comment on scientific goals that may
soon be realized with TMD heterostructures, such as realizing high-temperature exciton

condensation and moiré exciton-polaritons.

Excitons in TMD heterostructures
Excitons in TMD monolayers

Understanding excitons in TMD heterostructures starts with understanding the electronic
and excitonic states in TMD monolayers. Here we focus on the 2H phase MX, compounds (Fig.
1a) with M = (Mo, W) and X = (S, Se), which are stable under ambient conditions and have been
the emphasis of much recent work in both monolayers and heterostructures!®?. As the TMDs are
thinned to the monolayer limit, the bandgap transitions from indirect to direct, with the band
extrema at the K and K’ corners of the hexagonal Brillouin zone?"? (Fig. 1b). Monolayer TMDs
have broken inversion symmetry, so spin-orbit coupling is strong and the K and K’ valleys exhibit
valley-contrasting Berry curvature and orbital magnetic moments?324,

In a 2D environment, dielectric screening of the Coulomb interactions between electrons
and holes is reduced, leading to tightly-bound exciton states at the K and K’ valleys®>%® (Fig. 1b).
The exciton binding energies can be hundreds of millielectronvolts, an order of magnitude larger
than in typical bulk semiconductors like GaAs?"?8, The corresponding exciton Bohr radius is a few
nanometers and extends over several lattice periods. Due to their large binding energies, excitons
can have large oscillator strengths and dominate the optical properties of monolayer TMDs at
cryogenic and room temperatures®®. Further, excitation with ¢* and o™ circularly polarized light
creates K and K’ excitons, respectively, providing convenient access to the valley degree of

freedom?®34,



The conduction and valence bands at K and K’ are largely composed of transition metal d
orbitals, allowing spin-orbit coupling to be strong, unlike in graphene®>=’. At the valence band
maximum, the spin splitting is large: around 0.2 eV for Mo-based TMDs??2 and 0.4 eV for W-
based TMDs%:3, A smaller spin splitting occurs in the conduction band, which has different sign
depending on the metal atom*%41, Consequently, the lowest energy exciton is optically bright
(electron and hole of same spin) in Mo-based TMDs and dark (opposite spin) in W-based TMDs*.
This detail has important consequences for light emission since the lower-energy dark state in W-
based materials dramatically reduces emission at low temperatures*. Additionally, the spin
splitting has opposite signs in the K and K’ valleys because of time reversal symmetry, which
effectively locks the spin and valley degrees of freedom: the bright exciton is spin up in one valley
and spin down in the other®. Therefore, the valley optical selection rule also gives direct access to

spin in monolayer TMDs.

Excitons in TMD heterostructures

Several factors are important in determining the properties of excitons in a TMD
heterostructure: the electronic structure of each monolayer, the relative band alignment between
layers, and the twist angle (6) and lattice mismatch between the layers (8) (Fig. 1c). In TMDs,
interlayer coupling at the K and K’ points is relatively weak, so it is commonly assumed that the
monolayer electronic states are largely localized within individual layers*°, This assumption is
particularly reasonable in heterostructures with large twist angles or lattice mismatches since the
Brillouin zones of each layer are shifted, suppressing interlayer coupling. When the twist angle is
small and the bands are close in energy, interlayer hybridization can occur, as one might expect

considering the change from direct to indirect bandgaps in bilayer TMDs. Recently, it has been



shown that the twist angle and lattice mismatch between layers in a heterostructure strongly impact
its physical properties, as we discuss in detail in the “moiré superlattice” section.

Bilayers formed from two of the common semiconducting TMDs — MoSz, MoSez, WS;,
and WSe, — are type Il heterostructures, where the lowest conduction band and highest valence
band are in different materials*®*” (Fig. 1d). In this case, the excitons at the K and K’ valleys within
each layer (intralayer excitons) are similar to their monolayer counterparts but with additional
screening from the neighboring material“®4°. Lower-energy interlayer exciton states, where the
electron and hole reside in different layers®®, also exist. The spatial separation of the electron and
hole gives interlayer excitons fascinating properties: they have long valley lifetimes due to reduced
exchange interactions!®®, their energies can be tuned with electric fields because of their
permanent electric dipole moment®, and they show promise for Bose-Einstein condensation®1°2,

Interlayer excitons can be optically bright or dark depending on the stacking configuration
of the layers®°. Although the oscillator strength of interlayer excitons is relatively small due to
the spatial separation between electrons and holes, interlayer excitons can dominate the emission
of heterostructures because they are the lowest energy states. In heterostructures with small twist
angle (close to 0 degrees or 60 degrees) and small lattice mismatch, the Brillouin zones of the
monolayers are nearly aligned, so electrons and holes can recombine and emit photons efficiently.
When the conduction band and valence band are misaligned in k-space, the heterostructure has
poor emission characteristics: intralayer exciton emission is quenched because the excitons
separate faster than their radiative recombination time®, and the interlayer excitons do not
recombine radiatively. Recently, bright interlayer excitons have gained attention for their potential

optoelectronic applications.



Interlayer excitons can be formed by optical and electrical methods and are often created
by first exciting intralayer excitons. In type Il heterostructures, optically excited intralayer excitons
quickly separate into electrons in one layer and holes in the other via an ultrafast charge transfer
process. Hong et al. optically excited MoS; intralayer excitons in a MoS2/WS; heterostructure and
showed that the hole transfers from the MoS; layer to the WS; layer within 50 fs*®. The Coulomb
interaction between the spatially separated electrons and holes can then lead to the formation of
bound interlayer excitons®’. It is also possible to directly create interlayer exciton states via
resonant optical excitation in aligned heterostructures, but the efficiency is low due to the small
absorption of interlayer excitons'2. Additionally, interlayer excitons can be formed via electrical
injection of electrons and holes into the constituent layers®>°,

Heterostructures formed from two layers of the same material, often called homobilayers,
can also support interesting exciton states. Homobilayers can be naturally found bilayer TMDs or
artificially stacked TMD monolayers. Due to interlayer hybridization, the lowest energy exciton
state becomes momentum indirect, where the gap size depends on the twist angle between the
layers®®L, Interestingly, electron and hole states at the K and K’ valleys remain largely localized
within each layer, manifested as the co-existence of both intralayer and interlayer exciton states at
the K and K’ points in homobilayers®?-%4, Without the type Il band alignment, homobilayers have
degenerate exciton states in both layers. With an applied electric field, electrons and holes
preferentially occupy different layers, and the interlayer exciton dipole orientation is determined
by the direction of the applied field®®.

The flexibility in designing a 2D heterostructure —with the materials and twist angle chosen

at will —provides several routes to engineer emergent excitonic behavior. In the following sections,



we focus on two particularly powerful tools for tuning intralayer and interlayer excitons in

heterostructures: moiré superlattices (Fig. 1e) and optical cavities (Fig. 1f).

Excitons in TMD moiré superlattices
TMD moiré superlattices

The superposition of two atomic lattices in a heterostructure can produce a larger-scale
periodicity, called a moiré pattern, which arises from a small difference in the lattice constants of
the materials (8) or a twist angle between their lattices (8) (Fig. 2a). When & << 1 and 6 << 1, the
superlattice periodicity [ varies continuously with twist angle as [ = a,/v62 + 62, where § =
lag — aol/ay, and ay, ag are the lattice constants of the two layers. The superlattice periodicity
introduces a new length and energy scale that can dramatically modify the electronic and excitonic
behavior of the system. On the atomic scale, the alignment between the atoms in each layer varies
across the moiré unit cell, creating a periodic potential for electrons and excitons that can be as
large as hundreds of millielectronvolts’116%-72_ The potential minima and maxima are usually
centered at one of the high symmetry positions in the lattice, labelled A, B, and C in Fig. 2a.
Hybridization of the electronic states in the two layers can further modify the electronic structure
of the superlattice.

To zeroth order, the low-energy exciton band structure in the moiré superlattice can be
considered as a modification of the original TMD bands around the K and K’ valleys. The large
real-space periodicity generates a small reciprocal space periodicity, referred to as the moiré mini
Brillouin zone (mBZ) (Fig. 2b). The moiré potential folds the original bands into the mBZ and

opens a gap at the mBZ boundary. For large moiré superlattices, the width of the low energy bands



can be very small because of the small mBZ and the gap opening. These relatively flat bands can
host interesting strong correlation effects, as will be discussed in detail later in this review.

Lattice relaxation and strain determine the final three-dimensional structure of the
superlattice and the precise potential landscape. The variation in atomic stacking ac}oss the moiré
unit cell leads to a position-dependent interlayer stacking energy®® "3, To reduce the overall
energy, the superlattice can relax and expand the regions of lowest energy. In arelaxed superlattice,
domains of the energetically preferred stacking configuration form and are separated by a network
of domain walls that accommodate lattice constant differences and twists. For homobilayers and
same-chalcogen heterostructures (negligible lattice mismatch) at small twist angle (<2 deg), the
moiré superlattice periodicity can be tens of nanometers’*® (Fig. 2c and 2d), exceeding domain
wall widths and therefore allowing domains to fully form. The shape of the domains and the
preferred stacking depends on whether the layers are stacked parallel (near O degrees) or
antiparallel (near 60 degrees). At larger twist angles, homobilayer and same-chalcogen
heterostructures form more ideal moiré superlattice structures without large domains’’. Similarly,
heterostructures formed by TMDs with different chalcogen atoms (large lattice mismatch) have a
smaller moiré periodicity and tend to form more ideal moiré superlattices®®":’® (Fig. 2e). However,
scanning tunneling microscopy of a WSe,/WS; superlattice” demonstrated that heterostructures
without large domains can still have large in-plane strain, causing 3D buckling of the layers and a
resulting large moiré potential (Fig. 2f and 20).

Hybridization of the electronic states from the two layers also influences the electronic
structure in a moiré superlattice. Hybridization is particularly important in homobilayer

superlattices, where the electronic states in each layer are degenerate. Here, states at I" hybridize



strongly because the electron and hole wavefunctions extend out of the layer, while states at K
hybridize less due to their confined wavefunctions and large spin-orbit coupling®’.

In this section, we describe how the moiré potential can localize excitons at different
positions in the moiré superlattice, modify optical selection rules, and lead to emergent topological

and correlated phenomena.

Intralayer moiré excitons

A long-period moiré pattern affects the dispersion of intralayer excitons via an effective
moiré potential that mixes exciton states connected by the moiré reciprocal superlattice vector®®.
In a simple picture, the moiré potential arises because the band gap E, of each layer depends on
its local atomic displacement d relative to the other layer, which is a function of position r and
varies smoothly with the moiré pattern. The spatial variation of exciton binding energy is small
compared to the variation in the bandgap and can be ignored. The exciton potential energy can
therefore be defined as A(r) = E,(d(r)) — (E,), Where (E,) is the average of E; over d. Fig.
3a shows ab initio calculations from Ref. 66 for an MoS2/WS; heterobilayer near O degree twist
angle, which suggests that the magnitude of the intralayer moiré potential is on the order of 10
meV. However, the value of the intralayer moiré potential depends strongly on the exact moiré
structure considered, as described above.

Due to its periodicity, the moiré potential mixes exciton states that are separated by moiré
reciprocal lattice vectors. Umklapp scattering off the moiré potential allows optical absorption and
emission by the formerly dark finite-momentum exciton states. Consequently, the optical

absorption peaks for intralayer excitons are split into multiple peaks by the moiré superlattice (Fig.



3b). Further, the excitons can be localized at different high symmetry positions in the superlattice,
leading to complex absorption and emission spectra.

The splitting of intralayer exciton peaks has been observed experimentally in diverse moiré
superlattice systems, including heterobilayers and homobilayers. In WSe2/WS; heterostructures,
Jin et al. revealed that the WSe> A exciton is split into three states separated by ~100 meV (Fig.
3c), which is consistent with a large moiré potential of ~250 meV that localizes intralayer exciton
states at specific high-symmetry regions in the heterostructure®. When the heterostructure is doped
with additional electrons, the three exciton states respond differently (Fig. 3d), which is consistent
with both excitons and electrons being localized at specific positions in the superlattice. The large
splitting has been reproduced in Ref. 14 and 80. Tang et al. also observed three intralayer exciton
states separated by ~70 meV in a MoSe2/WS; heterostructure®®. The large splitting of intralayer
exciton states shows that the moiré potential can be larger than predicted by ab initio calculations
and that the exact structure and strain within the moiré superlattice is critical to determining its
excitonic properties.

In a WSe2/WSe, homobilayer, Andersen et al. combined SEM and photoluminescence
(PL) measurements to demonstrate the emergence of a second exciton state in regions of the
sample where the moiré periodicity is large (> 10 nm)® (Fig. 3e). In this system, two high-
symmetry positions exist in the superlattice. The exciton state at the higher-energy position only
emits if the state does not move to the lower energy position before radiative recombination. In
regions with a large moiré periodicity, the distance that the exciton moves before recombining is
smaller than the periodicity, so emission from the higher energy site emerges. Gate-dependent PL
measurements demonstrate varying degrees of valley coherence for the different exciton species,

depending on which layer the additional charge occupies and its momentum state. The observation



of localized moiré intralayer excitons in several moiré systems suggests that the moiré potential
for intralayer excitons can be large and may dominate the exciton Kkinetic energy. Therefore,
intralayer moiré excitons may be a powerful and interesting system for investigating correlated
excitonic states.

Additionally, the electron-hole exchange interactions can lead to interesting topological
properties of the intralayer moiré exciton bands®®. As shown in Box 1, intervalley exchange
interactions act on the valley pseudospin like an in-plane pseudo-magnetic field which rotates by
4n when the momentum encloses the origin once. With a valley Zeeman term that splits the
degeneracy at the y point, the exciton bands can have nonzero Chern number in the moiré mBZ.
The valley Zeeman term has been experimentally realized in monolayer TMDs by applying a
magnetic field®2-8* and by using a valley selective optical Stark effect®®, Fig. 3f shows the
intralayer moiré exciton band structure when a Zeeman field is applied and the corresponding
Chern numbers of each band. The lowest exciton band has Chern number C = +1 and is
separated from higher bands by a gap. Bulk-edge correspondence then implies the existence of
chiral excitonic edge states as explicitly calculated and shown in Fig. 3g, where in-gap edge
states appear in the energy spectrum for a stripe geometry. Importantly, these predictions hold
for a wide range of moiré potential parameters. Unlike electronic bands whose topological
properties imply quantized conductance, the bosonic nature and charge neutrality of excitons add
subtlety to the experimental detection of band topology. For excitons, the existence of edge states

can be detected by spatially resolved absorption spectroscopy.

Interlayer moiré excitons



A moireé superlattice also produces an effective potential landscape for interlayer excitons
that can localize states within the superlattice and modify their emission and diffusion
characteristics’'*®’ . The moiré potential is defined similarly to the case of intralayer excitons,
A(r) = Eyz(d(r)) — (Eg), butwith E; representing the interlayer band gap. Computed values of
the interlayer moiré potential in twisted MoS2/WS; bilayers at 0 degrees from Ref. 11 are shown
in Fig. 4a. Interestingly, ab initio calculations predict that the depth of the interlayer moiré potential
is much larger (on the order of 100 meV) for 0 degree stacks than for near-60 degree stacks (on
the order of 10 meV). Calculations of the interlayer moiré potential in other TMD combinations
predict similar values’88%°,

The relative twist between the two layers also shifts the electron and hole bands relative to
each other in momentum space. As a result, when momentum is measured from the band extremum
in each layer, the optically-active exciton states are not those with zero center-of-mass momentum,
but those with finite momentum Q = (K + Gz) — (K1 + G1), where K (K7) is the Kvalley in
the Brillouin zone of the bottom (top) layer, and Gz (G ;) is the reciprocal lattice vector in the
bottom (top layer). The lowest excitation momenta of bright excitons are g, = Kz — K; and its
two Cs partners defined as g2 and gz. The moiré potential mixes all the optically active exciton
states because they are related to each other by moireé reciprocal lattice vectors.

The low-energy interlayer exciton states are typically localized at the high symmetry sites
in the superlattice”*87 which has important consequences for the optical selection rules of the
excitons. At these positions, the local stacking registry is symmetric under Cs rotations, so the
exciton wavefunctions |y) must be eigenstates of Cs rotation about its center and can be classified

by Cs|x) = exp(i2ml,/3)|x) with [, =0 or +1. The excitation from the ground state of the

heterostructure to the exciton state [y) is coupled to o + circularly polarized lightif [, = +1, and



optically forbidden for normal incident light if Iy = 0. Typically, the angular momentum, L,,, is
determined by the spin and valley indices, but in a moiré superlattice, the position of the exciton
in the superlattice is also relevant. Depending on the specific high symmetry position, the electron
and hole can have different rotation centers and their Bloch functions will have different
eigenvalues, as shown in Fig. 4b, which leads to an additional angular momentum. Therefore,
interlayer excitons at different high symmetry points can have different selection rules (Fig. 4c).
This additional angular momentum can also brighten spin-forbidden dark states: in monolayer
TMD, states with opposite electron and hole spins are optically dark (Fig. 4d), but in a moiré
superlattice, the additional angular momentum can brighten the dark states and endow them with
well-defined selection rules.

While intralayer excitons are easily studied via absorption spectroscopy due to their large
oscillator strengths, interlayer excitons have relatively weak oscillator strengths because of the
larger electron-hole separation and are commonly probed using emission measurements. Zhang et
al. measured the polarization-resolved PL spectra of an aligned MoSe2/WSe: heterostructure when
pumped at the WSe, A exciton resonances®® (Fig. 4e). The spectrum shows two main peaks with
different helicities, which were assigned to interlayer excitons with the same and opposite spin at
a single moiré superlattice potential minimum. In the same system, Joe et al. measured the effective
g-factors of the interlayer exciton emission peaks, which are consistent with same and opposite
spin states®. Because the interlayer excitons have out of plane dipole moments, their energy can
be tuned with a vertical electric field. Using a dual-gated MoSe,/WSe, sample, Ciarrocchi et al.
applied an external electric field to tune the energy of the two interlayer excitons, along with their

emission intensity and polarization® (Fig. 4f). The observation that the excitons shift together with



field indicates that they have the same dipole moment and are likely at the same moiré superlattice
potential minimum?0:92,

Although PL is a sensitive probe, PL intensity depends on both the oscillator strength and
the lifetime of a state. The latter depends sensitively on several sample-dependent factors, like
defects and strain, which complicate the emission spectrum and have led to conflicting
experimental results and interpretations®®*-1%, To avoid this complication, Jin et al. used two
background-free absorption techniques — PL excitation (PLE) and pump probe spectroscopies — to
unambiguously determine the different contributions to theinterlayer exciton optical selection rules
in a WSe2/WS, moiré superlattice!. The authors observe only one peak in their low-temperature
PL spectrum, which they assign to a single, low-energy interlayer exciton state. To observe higher
energy interlayer exciton states, the authors varied the excitation energy and recorded the intensity
of the PL emission, which is a direct measurement of the absorption at the excitation energy. The
corresponding PLE spectrum in Fig. 4g shows two high energy resonances (labelled by green and
yellow) with opposite helicities. Pump probe spectroscopy was then used to directly pump the
interlayer exciton states and probe the valley state of holes in the superlattice, which provided
information about the spin state of the interlayer excitons. The authors assigned the three observed
states to same-spin and opposite-spin interlayer excitons localized at different high symmetry sites
in the moiré superlattice.

At low excitation density, the strong moiré potential (~100meV in MoSe2/WSe; case) can
confine single excitons, forming an array of quantum emitters that can serve as single-photon
emitters or sources of entangled photon pairs®°:-1%3 Fig. 4h shows the PL spectra of aligned
MoSe2/WSe;, heterostructures at different excitation powers when exciting near the WSe;

resonance®. When the excitation power is decreased from 10 uW to 20 nW, the broad interlayer



PL spectrum evolves into multiple narrow peaks. The average linewidth of around 100 ueV is
comparable to those of defect-based quantum emitters reported in WSe, monolayers'®-1%7, Li et
al. also reported repulsive dipole-dipole interactions in these localized emitters and spectral
jittering, indicating that the emitting states can belong to the same localizing potential well*®. The
uniformity and tunability of moiré-confined quantum emitters suggests great promise for quantum

and nonlinear photonic applications.

Hybrid moire excitons

In homobilayer moiré systems, the electron and hole wavefunctions are typically spread
over both layers, leading to mixed interlayer and intralayer exciton states, often referred to as
hybrid excitons!®-11%, These excitons have the characteristics of both an interlayer and intralayer
exciton and are both electronically tunable and have appreciable oscillator strength. Scuri et al.
use polarization-resolved and time-resolved PL to study interlayer exciton states in several twisted
WSe2/WSe, samples, including artificially-stacked (near O degree) and natural (near 60 degree)
bilayers 1°. In all samples, the authors observed several emission peaks at lower energy than the
direct K-K intralayer exciton transition, which they assigned to K-Q momentum indirect interlayer
exciton states where the hole is localized in a single layer and the electron is delocalized between
the layers. In samples with near O degree twist angle, they observed a high (>60%) degree of
circular polarization in the interlayer exciton emission that can be tuned with electrostatic doping.

Heterostructures formed with different TMDs can also host hybrid exciton states. When
bands in each layer of the heterostructure are close in energy and have the same spin, spin-
conserving resonant tunneling of carriers between the layers can result in spatially mixed moiré

excitons', In MoSe»/WS; heterostructures, the conduction bands of MoSe, and WS> have



similar energies, so the interlayer exciton formed by a hole in the valance band of MoSe; and an
electron in the conduction band of WS, can hybridize with the MoSe; intralayer exciton (Fig.
5a). Alexeev et al. showed that new hybrid exciton states appear in both the absorption and PL
spectra near the MoSe, A exciton when the two layers are aligned to near 0 and 60 degrees!*2.
Zhang et al. observed hybrid states formed with both MoSe; A and B excitons and WS, A
excitons'3, They also showed that the twist angle provides a sensitive tuning knob of the
properties of the hybrid moiré excitons (Fig. 5b). In particular, hybridization is enhanced as the
moiré lattice becomes commensurate with the monolayer lattices at twist angles of 21.8 and 38.2
degree, where the K-valleys of the two layers become connected by moireé reciprocal lattice
vectors. In the same system, Tang et al. identified two families of spatially entangled moire
excitons with very different effective electric dipoles (D ~ 0.24 and 0.17 e-nm)®. One plausible
explanation for the large difference is that the interlayer exciton sates are localized at different
moiré superlattice sites with different dielectric environments or degrees of wavefunction
overlap.

In WSe2/WS;, moiré superlattices, the highest spin-split WS, valence band is nearly
degenerate with the lower spin-split WSe; valence band (Fig. 5¢). When the twist angle is near
60 degrees, these bands have the same spin, allowing for mixing of the WS; intralayer exciton
with the interlayer exciton consisting of a hole in the WSe. valence band and an electron in the
WS> conduction band. Tang et al. observed energy level anti-crossing as the interlayer exciton
energy is tuned across the intralayer exciton energies by an electric field® (Fig. 5d), directly
probing the hybridization.

Hybrid excitons have also been reported in many other heterostructures, including

MoSez/MoSez'*, MoSez/hbn/MoSe2'®, MoS2/WS,8, and MoSe2/WSe,!e. For example,



Shimazaki et al. measured the electric field dependence of the PL and absorption of
MoSez/hbn/MoSe; heterostructures'®® and observed coherent hole-tunneling-mediated avoided
crossings of an intralayer exciton with three interlayer exciton resonances in the system. With
large oscillator strength and high electric field tunability, the hybrid excitons in many

heterostructure systems hold great potential for optoelectronic applications.

Correlated electronic states probed by excitons

Like excitons, single particle electronic states are also strongly modified by a moiré
superlattice. The low-energy electronic degrees of freedom in a long-period moiré superlattice can
be accurately described by a continuum model*!’. For TMDs, the low-energy degrees of freedom
are electrons and holes moving in an effective moiré potential. To minimize the number of degrees
of freedom, it is convenient to consider the valence bands of TMDs, where the spin splitting is

large due to strong spin-orbit coupling®. Then in the hole-doped regime, we obtain the moiré band

h2k?
2m*

Hamiltonian Hy = — + A(r) with two-fold valley degeneracy, where the first and second

terms are the moiré band kinetic and potential energies, respectively. For a moiré potential with

period a,,, the Wannier functions associated with the highest-energy moiré band are localized

around the moiré potential maximum with spatial extension aW~a}4/2. Since the ratio ay, /ay

scales as a;,l/ ?_the overlap between Wannier functions decreases as the twist angle decreases and

as a result the moiré band flattens. In this limit, the isolated moiré band can be described by a tight-

binging Hamiltonian

H, = Z t(R' — R)cl,. cro,

RR' 1



where R and R’ represent sites on the triangular lattice formed by the moiré potential maximum
points, and 7 is the valley index. The moiré band dispersion is shown in Fig. 6a for a twisted
MoSe2/WSe; heterostructure, keeping up to the third nearest neighbor hopping terms®. The
hopping parameters decay exponentially as the moiré periodicity increases, so the moiré miniband
flattens for a larger superlattice.

In the small twist angle limit, hopping between moiré superlattice sites is weak and the

Coulomb interaction between electrons becomes important. The onsite Coulomb repulsion energy

Up~e?/eay~a,,"* decreases slowly with the moiré period. The ratio of U and the bandwidth ~
t then increases rapidly as the twist angle is reduced. At small twist angles, Uo can be larger than
the bandwidth, so the system is dominated by interactions and is expected to show strong
correlation effects like Mott insulator and quantum spin liquid states. In particular, the isolated
hole band can be mapped to the single-band Hubbard model on a triangular lattice, which is
expected to host a large range of exotic electronic states.

Correlated physics in moiré superlattices was first seen in twisted bilayer graphene and
trilayer graphene/nBN samples, where observations of correlated insulating states and
superconductivity delighted the field*®°, However, TMD moiré superlattices have several
distinctions and advantages. First, TMDs are predicted to exhibit very strong correlation effects
because of their moderate effective masses (m} ~ 0.3-0.5 mo) relative to single and few-layer
graphene. With larger effective mass, the bands of the constituent layers are already much flatter
than in single and few-layer graphene, leading to even flatter bands in the superlattice. Second, the
spin/valley optical selection rules give direct access to the spin degrees of freedom in TMDs,

providing an opportunity to investigate spin structures in the correlated states.



Although correlated insulating states are commonly probed via transport measurements,
the large contact resistance in TMD devices'?® has shifted attention towards optical approaches.
Excitons are extremely sensitive to the local charge density'?222 and dielectric environment®,
which makes it possible to probe electronic states using excitons. So far, much of this work has
focused on WSe2/WS; moiré superlattices, where a huge variety of correlated electronic states
have been observed using various exciton probes.

Regan et al. implemented a novel technique, optically-detected resistance and capacitance,
in which the WSe; excitonic absorption was used to measure charge transport between two regions
in a WSe2/WS; moiré superlattice under a small modulation voltage®®. The authors observed a
strong gap-like feature when the sample was doped to half filling (one hole per moiré unit cell, n
= no), which is consistent with a Mott insulator described by a Hubbard model with on-site
interactions (Fig 6b,c). They also saw gaps at n = no/3 and 2no/3, which were assigned to
generalized Wigner crystallization on the superlattice due to strong interactions between electrons
on neighboring superlattice cites. The observation of generalized Wigner crystallization confirms
that correlations are particularly strong in the TMD moiré superlattices and that long-range
Coulomb interactions are large. Tang et al. also observed the insulating state at n = np via an
enhancement in the WSe> exciton absorption that is likely due to reduced free scarier screening of
the electron-hole interaction in the insulating state*.

More recently, Xu et al. found that the excitons in a monolayer TMD layer placed ~ 1 nm
away from a TMD moiré superlattice can be sensitive probes of the electronic states in the
superlattice®. In particular, the electron-hole separation in exciton excited states (2s, 3s, etc.) is
much larger than the TMD monolayer thickness, and the bound state is therefore strongly

influenced by the local dielectric environment, including the nearby moiré superlattice. By



monitoring the 2s state in a monolayer WSe: sensor layer, the authors observed more than a dozen
insulating electron and hole states in a WSe2/WS; moiré superlattice, which correspond to specific
electron and hole configurations on the underlying superlattice (Fig. 6d). The temperature
dependence of this effect revealed that correlations are stronger on the electron side, where the
states persist to higher temperatures. The authors propose that some of the newly observed states
at fractional filling could be charge density wave analogues of the states at n = no/3 and 2no/3 or
pair density waves. Further theoretical and experimental studies will be required to determine the
nature of all these states.

Exciton probes of magnetic structure and electronic anisotropy have been used to further
advance understanding of the correlated states in the WSe2/WS, moiré superlattice. Tang et al.
measured the helicity-resolved absorption of the WSe> exciton as a function of the out-of-plane
magnetic field, where the observed exciton Zeeman splitting is influenced by both the applied field
and the magnetic moments of the localized holes!. With this technique, they observed
antiferromagnetic behavior at half filling of the superlattice followed by a transition to a weak
ferromagnetic state at higher doping (Fig. 6e). Jin et al. performed combined optical anisotropy
and electronic compressibility measurements to show that some of the correlated states at
fractional filling of the superlattice are linear or zigzag striped phases characterized by spontaneous
rotational symmetry breaking*?® (Fig. 6f). The electronic anisotropy induces a polarization rotation
in incident linear polarized light, and the response is enhanced by choosing a photon energy
resonant with the WSe, exciton. By imaging the stripe domains, the authors conclude that the
charge stripes are preferentially aligned along the high symmetry axes of the superlattice.

While most investigations have focused on the WSe>/WS; superlattice, correlated physics

has also been studied in other moiré systems, including WSe, homobilayers’”*?* and MoSe;



homobilayers where the MoSe; layers are separated by a thin hBN layer'*®!%, |n the latter case,
the moiré period is not limited by the lattice mismatch and can be very large, but the moiré potential
is suppressed by the hBN spacer. Using different combinations of TMDs with and without spacers,
the moiré potential can be engineered to access regimes where strong correlations exist, but also
where the Coulomb energy and bandwidth compete. In these diverse systems, excitons are

powerful probes of correlated insulating states, magnetic and spin structure, and anisotropy.

Section 3: Excitons in Cavities
TMD excitons coupled to a cavity

Controlling and enhancing interactions between light and matter is essential for
constructing integrated photonic devices, which use light to efficiently store and process
information. One method of controlling light-matter interaction is by using a cavity, which can
enhance the emission rate and modify the electronic energy levels of the optically active media.
TMDs present new opportunities for making efficient photonic and optoelectronic devices with a
valley degree of freedom that can be easily integrated with existing silicon-based photonics®*8,
Monolayer TMDs host intralayer excitons that have a large oscillator strength and interact
strongly with light, so they are good candidates for studying part-light, part-matter exciton-
polariton quasiparticles'?®-13 and their interesting quantum many-body phenomena such as
Bose-Einstein condensation.

As described above, TMD heterostructures can host a variety of exciton states, including
interlayer excitons, which have smaller oscillator strength compared to intralayer excitons and
thus interact weakly with light. However, interlayer excitons are longer-lived and have strong

dipole-dipole interaction strength, which could facilitate the realization of collective many-body



phenomena such as exciton condensation and superfluidity®1*13, Furthermore, moiré
superlattices in heterostructures provide additional degrees of freedom for excitonic band
structure engineering, and the out-of-plane dipole moment of interlayer excitons allows for easy
electrical tuning of exciton properties and electrical injection of carriers®°%8137 Therefore,
cavity integrated TMD heterostructures provide an exciting platform for observing collective and

controllable excitonic phenomena®3813°,

Interlayer excitons coupled to a cavity

The interaction between cavity photons and emitters underlies many fundamental
observable processes, including spontaneous emission, stimulated emission, and quantum many-
body phenomena. The strength of the interaction determines how strongly the excitons couple to
the cavity modes. Here, we consider the enhancement of spontaneous and stimulated emission in
the weak coupling regime as it pertains to TMD interlayer excitons.

In the weak coupling regime, the exciton-photon interaction strength is a small perturbation
in the Hamiltonian, modifying the local density of states and the decay rates. One well-studied
effect is the Purcell effect, which is the modification of spontaneous decay rates when the cavity
mode is resonant with the emission energy. With sufficient cavity quality factor and light-matter
interaction strength, the spontaneous emission rate can be enhanced by a factor defined as

F =3 (&)3 Q
4% \n) V
where A is the wavelength of light, n is the refractive index of the cavity, Q is the cavity quality
factor, and V is the cavity mode volume.
Rivera et al. demonstrated Purcell enhancement in TMD heterobilayer interlayer excitons

coupled to a gallium phosphide (GaP) photonic crystal cavity (Fig. 7a), with a 15-fold increase in



the photoluminescence intensity (Fig. 7b) and a simulation estimated Purcell enhancement factor
of 60 (Ref. 149). In this study, the gain medium was a WSe,/MoSe; heterobilayer which hosts long-
lived interlayer excitons. The cavity was a photonic crystal defect cavity made with high index
GaP, which can have small mode volumes and large quality factors, making them ideal for energy
efficient photonic devices. This experiment set the foundation for studying cavity quantum
electrodynamics (QED) effects in 2D heterostructure nanophotonics.

Another interesting opportunity lies in the engineering of emission rates to achieve
heterostructure-based lasers. Spontaneous emission occurs when the carriers in the excited state
relax down to the ground state while emitting light. In this case, the carrier population of the ground
state (N1) is larger than the carrier population of the excited state (N2), and the resulting emitted
light is incoherent. Stimulated emission, however, occurs when gain in the material overcomes
cavity losses and carrier population is inverted (N2 > Ny). The resulting emission is amplified and
both spectrally and spatially coherent. Stimulated emission is the mechanism of light amplification
in lasers.

TMD heterobilayer interlayer excitons provide opportunities for compact, integrable,
tunable, valley polarized semiconductor lasers. Choosing the appropriate combination of
monolayers can result in a bilayer with a type-I1 band alignment, which allows for carrier pumping
through the intralayer exciton resonance, followed by ultrafast charge transfer to the lower energy
bands. This allows efficient carrier build-up and population inversion while avoiding carrier losses
due to intralayer exciton radiative emission. Additionally, with precise rotational alignment of the
crystal axes of the layers, the interlayer exciton forms a direct band gap with sufficient oscillator
strength for lasing, and the layers can form moiré superlattices that can modify the potential

landscape and further localize the interlayer excitons and enhance the radiative decay rate into the



lasing mode. Lasing in TMD heterobilayers have been demonstrated by Liu et al. (Ref. 141) and
Paik et al. (Ref. 142), using a photonic crystal cavity and one dimensional (1D) grating resonator
cavity, respectively. Liu et al. demonstrated room temperature laser operation indicated by a super-
linear increase in emission intensity and a decrease in linewidth at the threshold pump power,
which signifies increased phase coherence (Fig. 7c-e). Paik et al. observed a sharp increase in
spatial coherence length above threshold pump power, which indicates the formation of extended
spatial coherence (Fig. 7f-h). These studies open the door for energy efficient, electrically injected,
room temperature semiconductor nanolasers that are easily integrable with existing silicon-based
photonics.

In heterobilayers, intralayer exciton can split into multiple exciton species as a result of
moiré confinement® or interlayer hybridization*3. These moiré exciton arrays exhibit large
oscillator strength in the same order of magnitude as the monolayer exciton and, thanks to the
uniformity of the moiré lattice, inhomogeneous broadening comparable with the radiative
linewidth. By integrating a WS2/MoSe; heterobilayer with a planar Fabry-Perot cavity, Zhang et
al. demonstrated a moiré exciton polariton system with cooperative coupling between an array of
zero dimensional (OD) moiré excitons and microcavity photons!*3. The moiré polaritons exhibited
strong nonlinearity due to exciton blockade, suppressed exciton energy shift, and suppressed
excitation-induced dephasing, all of which are consistent with the quantum-confined nature of the
moiré excitons. The system therefore introduces quantum-dot like nonlinearity into cooperatively
coupled solid state system, opening a door to novel quantum many-body physics and polariton

devices.



Section 4: Outlook

Exciton physics in TMD heterostructure systems is enriched by moiré modulation, which
creates excitonic minibands that split absorption and emission peaks and improves the phase
space available to decoherence processes, and by large binding energies that allow interlayer
excitons to be experimentally accessible even when the two TMD layers are widely separated.
Among the large number of exciting possibilities opened up by these properties, several of which

are highlighted below, only a few have already been explored in any depth.

Interlayer exciton condensation

The possibility of Bose-Einstein condensation of excitons has been recognized!#4%° since
the 1960s. However, the experimental realization of unambiguous exciton condensation in bulk
materials has been quite challenging. One major obstacle has been the short lifetimes of optically
generated excitons, which can in principle be mitigated!#6-15! py separating the electrons and holes
into different layers so that their optical recombination times are increased. Spatial separation
between electrons and holes also ensures a repulsive dipolar interaction between excitons and
prevents the formation of biexcitons.

TMD heterostructures have now added an important new wrinkle to spatially indirect
exciton physics by allowing the electron and hole separation to be extended by inserting several
intermediate layers of resistive hexagonal boron nitride (hBN), extending optical lifetimes by
orders of magnitude, all while maintaining sizable electron-hole binding energies. The exciton

binding energy is important because it sets an upper limit on the condensation temperature!3>152.153:

an

~

kT < 0.1E,, .

X

Here m, = m, + m;,, and n,, are the exciton mass and density, and E,,, is the spatially indirect



exciton binding energy. The intermediate form for kT, applies if the superfluid fraction is close
to unity near the transition'>*, whereas the final form is an approximate upper bound that applies
close to the crossover between the condensed boson (BEC) and itinerant electron hole pair (BCS)
limits.

Because excitons are normally relatively high energy elementary excitations, they are
present in equilibrium only in finely tuned materials in which E,,; exceeds the band gap. Although
this condition can be achieved in graphene multilayers®™® >’ it cannot be satisfied in TMD
heterostructures. Excitons must instead be generated by electrical or optical excitation. In TMD
heterostructures, a bias voltage applied between layers can act'®®1° as an exciton reservoir, as
illustrated in Fig. 8. Quasi-equilibrium fluids of spatially indirect excitons have very recently been
established in TMD heterostructures*®® via this mechanism, opening up opportunities to study
exciton transport and achieve electrical control of light. The spectacular electrical properties of

quantum Hall exciton condensates!5:%4 provide a sense of what might be achievable.

Boson Hubbard model and superfluid insulator transition with moiré excitons

Because of a transition from superfluid to insulator that occurs in the narrow band limit,
the quantum physics of equilibrium bosons is richer in lattice systems®®1¢ As explained above,
equilibrium indirect exciton systems can be achieved in TMD heterostructures by separating
electron and hole layers with a hBN barrier. It remains to be seen whether sufficiently narrow
exciton bands can be formed when a moiré pattern is present. Moiré modulation potentials in TMD
heterostructures arise partly from level repulsion with neighboring layers, and partly from
electrostatics!®’. When the electrons and holes that form the indirect exciton are separated by a

hexagonal boron nitride barrier, both components of the moiré potential are strongly attenuated,



and new routes may need to be found to achieve modulation. One possibility is to employ an

intermediated twisted graphene bilayer that is electrostatically doped.

Moiré exciton polaritons

In heterostructures with a type-11 band alignment, the long valley lifetime and long
diffusion length of interlayer excitons, together with the flexibility of tuning the doping levels of
2D materials, may facilitate the realization of ultra-compact and integrated electro-optical
devices®®®°. In the development of 2D material lasers!*?, future studies may clarify the optimal
band structures and the role of carrier localization in moireé lattices using different combinations
of monolayer materials with varying twist angles.

In heterostructures with type-1 band alignment or strong inter- and intra-layer exciton
mixing, the tunability of moiré excitons, via doping, electric field, and twist angle, are transcribed
to the moiré polaritons**3. Uniquely, tuning interlayer hybridization provides a way to tune the
exciton-photon coupling strength, exciton-photon detuning, and nonlinearity'®8-17° of the polariton
modes. Such polariton systems promise broad tunability, high operating temperature, and ready
integration in diverse material platforms.

Incorporation of moiré lattices leads to a new type of polariton system whose properties
are yet to be studied and understood. Further understanding and control of the anomalously strong
nonlinearity of moiré polaritons at low density may open a new pathway to polariton blockade 1
174 and ultralow power nonlinear optical switches'’. Interplay between moiré lattice potential and

photonic potentials may open new opportunities in cavity-control of electronic phases!’®-17°,

Hybrid systems



2D materials are allowing physical scientists to play god in surprising new ways, and
exciton physics seems certain to play a central role. The range of possibilities is greatly expanded
when we consider employing TMD heterostructure exciton fluids as one component of multi-
physics hybrid systems. For example, as mentioned above, an electrostatically-doped twisted
graphene bilayer could be placed between TMD heterostructure bilayers containing exciton
fluids. Because the graphene bilayer can have an enhanced density-of-states when twisted and
density-fluctuations of the TMD heterostructure fluids can'8%18! mediate pairing, relatively high
temperature superconductivity seems a likely result. This is one example among many. The

prospects for exciton and exciton-polariton physics in TMD heterostructures are bright indeed.
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Figure 1 | Excitons in TMD heterostructures. a. | Structure of 2H TMD monolayer with chalcogen (S,
Se) in green and transition metal (Mo, W) in purple. b. | Schematic of the bright excitons and the K and
K’ corners of the Brillouin zone (hexagon) of a TMD monolayer. Excitons at the K (K”) valley couple to
o+ (o-) light. c. | Schematic of a heterostructure formed by two TMDs (green and orange) in momentum
space. The heterostructure is characterized by the lattice mismatch, twist angle (8), and band alignment
between the two layers. d. | Schematic of intralayer and interlayer excitons at the K valley of two layers
forming a heterostructure with type 1l band alignment. e. | A twist angle or lattice mismatch in a
heterostructure leads to the formation of a moiré superlattice, where excitons can be localized at specific
positions in the superlattice unit cell. f. | Schematic of a TMD heterostructure in an optical cavity, which

can dramatically modify the exciton properties. Panel f adapted from Ref. ¢,



~ Low

Figure 2 | TMD moiré superlattices. a. | lllustration of a moiré superlattice formed by two TMDs in real
space. The superlattice vectors are labelled as a; and a, and form the superlattice unit cell. A, B, and C
mark the high-symmetry positions in the superlattice where the local atomic configuration has three-fold
rotational symmetry. b. | Schematic of the Brillouin zones of each monolayer (green and orange) and the
mini Brillouin zone (mBZ) of the superlattice, where the mBZ wavevector corresponds to the difference
between the two K points of the monolayers. c¢. and d. | Annular dark-field scanning transmission electron
microscope (STEM) images of the domain structures in a (¢) 1.5-degree twist angle WS,/MoS;
heterostructure and a (d) 59 degree twist angle WS2/WS; heterostructure. Scale bar, 100 nm. The insets
show schematics of the two layers with parallel (P) or anti-parallel (AP) stacking. Red and blue regions
highlight different domain types in each sample. e. | Atomic-resolution high-angle annular dark-field
STEM images of a near-zero twist angle WSe,/WS; heterostructure showing a moiré superlattice with
superlattice vectors a: and ay. f. | Scanning tunneling microscope image (Vbias = -0.19V. | = 100pA) of a
graphene-covered WSe,/WS; heterostructure showing the height variation across the moiré superlattice.
g. | 3D illustration of the reconstructed WSe,/WS, moiré superlattice. Panels ¢ and d are adapted from
Ref. 74, panel e is from Ref. 8, panels f and g are from Ref. 79.
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Figure 3 | Intralayer moiré excitons a. | Simulated variation of the MoS; bandgap in a zero-degree
MoS2/WS; bilayer. b. | Calculated optical conductivity of MoS,/WS; heterostructure at several twist
angles, 6, from 0 degrees. The curves are shifted vertically for clarity, and the dashed lines track the peak
evolution. c. | Experimental reflection contrast (absorption) spectrum a near-zero-degree twist angle
WSe2/WS; heterostructure (blue, top) compared to a large twist angle WSe,/WS; heterostructure (black,
bottom). The WSe, A exciton in the large twist angle device (~1.7 V) is split into three prominent peaks
moiré exciton states (labelled I, I, and I11) in the near-zero-degree twist angle device. d. | Reflection
contrast spectra of a near-zero-degree twist angle WSe,/WS; heterostructure when the device is
electrostatically doped with electrons. The electron concentration, in units of cm, is noted for each
spectrum, and the spectra are offset for clarity. e. | Left: Photoluminescence spectra collected from a
WSe2/WSe; heterostructure at the positions noted by crosses with the same color in the scanning electron
microscope image (right). The spectra are offset vertically for clarity. The amplitude of peak I (11)
decreases (increases) with growing superlattice wavevector across the sample. f. | Low-energy exciton
band structure of MoS2/WS; bilayer with 1 degree twist from AB stacking and a Zeeman field hz = 1.5
meV. Each band is labeled by its Chern number C, and the gray bar shows the band gap. g. | Quasi-1D
band structure of a stripe geometry for the same system, where the red and green curves show the chiral
excitonic edge states. a, b, f, and g are from Ref. 66, panels ¢ and d are from Ref. 8, and panel e is
adapted from Ref. 81.
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Figure 4 | Interlayer moiré excitons a. | Simulated variation of the interlayer bandgap in a zero-degree
MoS2/WS; heterobilayer. b. | Left: Schematic of exciton wavepackets at positions A, B, and C in the
moiré superlattice unit cell, see Fig. 2a. Right: Corresponding transformation of the electron Bloch
wavefunction yk e, when the rotation center is fixed at the hexagon center in the hole layer. Red arrows
show the phase change by C3 and dashed lines show planes of constant phase. c. | Simulated potential
landscape for interlayer excitons in a MoS2/WSe; heterostructure, with optical selection rules for the spin-
up excitons shown at the energy minima. d. | Interlayer exciton spin configurations at the K valley for a
type Il heterostructure made of tungsten materials, such as WSe,/WS,. The left (right) set of bands shows
the opposite (same) spin exciton. e. | Photoluminescence (PL) spectra of a MoSe,/WSe; heterostructure
when exciting at the WSe; A exciton resonance with o+ polarization, showing a large difference between
the o+ (black) and o- (red) emission. Two peaks, labelled S-state and T-state, have opposite helicity and
correspond to the same and opposite spin states, respectively. The inset shows a zoom-in view of the S
state. f. | PL map of the difference between right (c+) and left (c+) circularly polarized emission
intensities of the two interlayer exciton states, labelled IX; and X2, when the MoSe,/WSe; device is
pumped with right (o+) circularly polarized light, dlr.=Ir — I, as a function of the gate voltage. The
emission polarization is gate-tunable. g. | PL excitation spectrum showing integrated o+ (black) and o+
(grey) PL counts when a WSe2/WS; heterostructure is pumped with o+ light, showing enhanced emission
when the light is resonant with two interlayer exciton states highlighted in green and yellow. These states
correspond to same spin interlayer excitons at two high symmetry positions in the superlattice unit cell. h.
| Comparison of the PL spectra from a 2-degree twist angle MoSe,/WSe; heterobilayer when exciting
with 10 uW (dark red) and 20 nW (blue, intensity scaled by 7x). Inset shows Lorentzian fit to a
representative PL peak from the 20 nW spectrum, showing a linewidth of approximately 100 peV. Panel
a is from Ref. 11, panels b and c are from Ref. 7, panel d is adapted from Ref. 12, panel e is from Ref. 10,
panel f is from Ref. **, panel g is from Ref. 12, and panel h is from Ref. 9.
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Figure 5 | Hybrid moiré excitons a. | Band alignment in 0 degree and 60 degree WS,/MoSe;
heterostructures, where spin up (down) bands are denoted by solid (dotted) lines. X labels the intralayer
exciton transition and IX labels the nearly resonant interlayer excitation transition that shares the same
hole state. b. | Reflection contrast spectra of WS,/MoSe; heterostructures with various twist angles, 6,
for i =1-6. The spectra are shifted vertically for clarity. The extracted peak detuning Ji= Ex;— Ex, are
labeled for each spectrum. c. | Band alignment in 0-degree and 60-degree WSe,/WS; heterostructures,
where spin up (down) bands are denoted by solid (dotted) lines. Solid (dashed) double-headed arrows
show the dipole-allowed intralayer (interlayer) exciton transitions. The spin configuration in the 60-
degree heterostructure allows for mixing of the intralayer and interlayer states. d. | Upper: Energy
derivative of the reflection contrast spectrum of a 60-degree WSe»/WS; heterostructure as a function of
the out-of-plane electric field at a fixed doping density showing anti-crossing of exciton states. The
dashed lines are the best fit to a three-level model. Lower: Electric field dependence of the extracted
exciton resonance energies. Panels a and b are adapted from Ref. '3, and panels ¢ and d are adapted from
Ref. 80.
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Figure 6 | Excitonic probes of correlations in moiré superlattices a. | Calculated electronic moiré bands
for a 2-degree twist angle MoSe,/WSe, moiré superlattice. The red dashed line is a tight-binding model fit
to the highest valence band, including hopping up to the third nearest neighbor. b. | Resistance of a
WSe2/WS; moiré superlattice from charge neutral to moderate hole doping, measured via the optically
detected resistance and capacitance technique. Enhanced resistance is observed at hole doping of n = no/3,
n = 2ne/3, n = no, where ng is one hole per moiré unit cell. c. | Corresponding illustration of the
generalized Wigner crystal (n = no/3, n = 2no/3) and Mott insulator states (n = no). d. | Doping-dependent
reflection contrast spectrum of the 2s exciton state in a sensor WSe; layer reveals many insulating states
in a nearby WSe»/WS, moiré superlattice at 1.6 K. The top axis shows the proposed filling factor for the
insulating states, where 1 corresponds to one electron per moiré unit cell. e. | Magnetic susceptibility (left
axis, black symbols) and Weiss constant (right axis, red symbols) of a WSe2/WS, moiré superlattice as a
function of the moiré filling factor, where ng corresponds to two holes per moiré unit cell. The black
dotted lines (guide to the eye) indicate the divergent susceptibility at filling factors near 0.6. f. | Upper:
Optical anisotropy mapping of a WSe2/WS, moiré superlattice at a filling of one electron per moiré unit
cell, revealing domains of electronic stripes. The length and orientation of the line segments at each point
indicate the local amplitude and orientation of the anisotropy, and the color corresponds to the amplitude.
Lower: two possible charge orders with linear and zigzag stripe. Panel a is from Ref. 68, panel b and c are
adapted from Ref. 13, panel d is from Ref. 15, panel e is from Ref. 14, and panel f is from Ref. 123.
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Figure 7 | Excitons in optical cavities a. | Schematic of a MoSe,/WSe; heterostructure placed on top of a
GaP photonic crystal. b. | Photoluminescence (PL) spectra from the MoSe,/WSe; heterostructure on (left)
and off (right) the linear three-hole defect cavity in the photonic crystal. c. | lIllustration of a hano-laser
formed from a MoS2/WSe; heterostructure on a photonic crystal cavity. d. | Output intensity of the device
illustrated in c at the laser wavelength as a function of the excitation pump power. The cavity mode
emission (red dots) shows a kink at the onset of lasing operation, while the background emission (black
dots) shows linear dependence. e. | Linewidth of the cavity mode emission as a function of the pump
power. Inset: Cavity mode emission peaks with increasing pump power shows reduction in linewidth. f. |
Schematic of a laser device, consisting of a MoSe./WSe; heterostructure on a gravity cavity. g. | Photon
occupancy (red) and linewidth (blue) of the TE emission from the device shown in f as a function of the
excitation pump power showing lasing characteristics. h. The coherence length of the device shown in f
as a function of the excitation pump power. Panels a and b are from Ref. 140, panels c-e are from Ref.
141, and panels f-h are from Ref. 142,
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Figure 8 | Exciton reservoirs in TMD heterostructures. | In TMD heterostructures, a bias voltage applied
between layers acts an exciton reservoir when i) the electron and hole layer contacts have chemical
potentials in their respective gaps and ii) the rate of two-particle electron-hole tunneling from the contacts
to bound states in the bilayer greatly exceeds the rate of electron or hole tunneling across the tunnel barrier
that separates them. These conditions can be established in a TMD heterostructure where the TMD layers
are separated by a hexagonal boron nitride tunnel barrier, which can be extremely resistive, even when it is
thin enough to allow for large spatially indirect exciton binding energies. In the illustrated case, the top and
bottom gates are both grounded, and the electron and hole layers are in contact with reservoirs at voltage
—V, and +V},,. When the gate separations d, and d, are much larger than the separation d, between
electron and hole layers, large electron and hole densities can easily be generated at overall neutrality. From
Ref. 159.



Box 1 | Topological moiré excitons
Excitons in monolayer TMDs can be described by the low-energy effective Hamiltonian?183-18;

hz 2
Hy(Q) = <h90 + %) To +JQTo + JQ(cos(2¢pg)t, + sin(2¢,) T,),

where @ = Q(cos ¢ + sing, 9) is the exciton momentum, M is the exciton mass, A, is a
constant energy, 7, and 7, ,, , are the identity matrix and Pauli matrices in valley pseudospin
space, and J represents the strength of exchange interactions. The first term in the Hamiltonian
describes the kinetic energy of excitons, the second and third terms describe intravalley and
intervalley exchange interactions, respectively. The intervalley exchange interaction acts as an
in-plane valley-space pseudo-magnetic field which rotates by 47 when the momentum Q
encloses its origin once. This nontrivial winding number can be used to engineer topological
exciton bands when combined with the moiré potential. For intralayer moiré excitons in a
magnetic field, the low-energy effective Hamiltonian is
H= Hy+ A(r)ty + h,1y,

where A(r) is the moiré potential and h,t, is the Zeeman term. The Chern number C of band n
is obtained by integrating the Berry curvature,

Fa(@) = 2 Vo X [i{xn(@)|Vo|xa (@)],
over the mBZ, where | x,,(Q)) represents the n eigenstate of H at momentum Q. For the lowest
exciton band n = 1, Berry curvature F is accumulated around vy, k and k' points in the mBZ. The
accumulation of F around v is induced by the intervalley exchange interaction, and its sign is
determined by that of h,. On the other hand, the accumulation of F around « and «’ is related to

the gap opening due to the moiré potential. Integrating F over the mBZ gives a nonzero Chern



number C over a wide range of parameters (twist angle, potential depth, and phase, h,).

Topological exciton bands are expected to appear routinely in TMD moiré heterostructures.
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